Use of sperm separation methods such as density gradient centrifugation for selecting the best spermatozoa for animal breeding is constrained by the problem of dealing with the large volumes of ejaculate produced by the males of some species, such as boars. The purpose of this study was to compare density gradient centrifugation (DGC) with centrifugation on a single layer of colloid (SLC) for the preparation of ejaculated boar spermatozoa using Androcoll TM -P. There was no difference between the two techniques in terms of sperm motility or duration of motility after selection, and sperm motility was retained for at least 24 h longer in the centrifuged sperm preparations than in controls (uncentrifuged aliquots). Sperm motility was significantly better (P<0.001) in the centrifuged sperm preparations (means ± sd: SLC 79.6 ± 8.1% and DGC 74.2 ± 12.0%) than in the uncentrifuged controls (62.9 ± 12.7%). The mean yield of motile spermatozoa for SLC was 67.5 ± 25.6%, and for DGC it was 59.6% ± 22.3% (not significant, ns). Sperm survival was significantly increased by colloid centrifugation (control 3.1 ± 0.3 days, SLC 5.5 ± 0.79 days, DGC 5.75 ± 0.62 days; P<0.001 for uncentrifuged versus centrifuged; SLC vs. DGC, ns). Moreover, boar spermatozoa could be stored for 24 h before centrifugation without any detrimental effect on sperm motility or duration of motility. In a further experiment, larger volumes of ejaculate were processed easily on a modified SLC, indicating that this method may be practical for processing large volumes of boar ejaculates.
(J. Reprod. Dev. 55: 547-552, 2009) ecently, density gradient centrifugation (DGC) has been suggested as a means of selecting animal spermatozoa for artificial breeding [1] [2] [3] . It is one of the methods recommended by the World Health Organisation for preparing human spermatozoa for assisted reproduction [4] . DGC has been used to prepare bovine spermatozoa for in vitro fertilization [5] and to prepare stallion spermatozoa for research purposes [6, 7] . However, widespread application of the DGC-technique in processing animal spermatozoa has been hampered by a lack of animal-specific colloid formulations and the difficulty of processing sufficient spermatozoa for the large insemination doses required in domestic animals. Percoll TM DGC has been used previously to prepare animal spermatozoa for IVF, but the manufacturer (Amersham Biosciences, Uppsala) withdrew the product from the market for clinical use in 1996, reportedly because the polyvinylpropylene (PVP) it contains may damage spermatozoa [8, 9] .
Recently, colloid formulations for use with animal spermatozoa, based on silane-coated silica, have been developed at the Swedish University of Agricultural Sciences (SLU) [10] . Preliminary studies with stallion spermatozoa have shown that the new colloid formulation could be used successfully as a single colloid layer for processing stallion spermatozoa [11] . This communication describes the use of a new colloid formulation, Androcoll TM -P, for selecting boar spermatozoa by either SLC or DGC.
Materials and Methods

Animals and husbandry
Five mature boars (Swedish Yorkshire and Swedish Landrace), 12-24 months old, were used. They had been previously chosen according to normal semen quality (e.g. >50 × 10 9 total sperm number per ejaculate, initial motility >70%, >85% morphologically normal spermatozoa) and proven fertility after natural mating or AI with liquid-preserved semen. All boars were kept on straw bedding in individual pens at the Division of Reproduction, Department of Clinical Sciences, SLU, Uppsala. They were fed according to Swedish husbandry standards [12] and provided with water ad libitum. The experimental protocol had previously been reviewed and approved by the Ethical Committee for Experimentation with Animals, Uppsala, Sweden. Semen was manually collected by the gloved-hand technique, according to standard methods, using a filter to remove the bulbo-urethral gland gel secretion. Aliquots of the ejaculate were extended immediately in Beltsville Thawing Solution (BTS) at 38 C.
Media
The media used in the present study included a modified Beltsville Thawing Solution (BTS), BTS with protein and a colloid. The BTS [13] consisted of: glucose (3.7 g), tri-sodium citrate (0.6 g), sodium hydrogen carbonate (0.13 g), sodium EDTA (0.13 g) and potassium chloride (0.08 g) added to 100 ml distilled water. The modification was that no antibiotics were added to the BTS. To prevent spermatozoa from aggregating after colloidal centrifugation, the BTS with protein contained bovine serum albumin (BSA) added at 5 mg/ml. The colloid consisted of glycidoxypropyltrimethoxysilane-coated silica in a buffered salt solution (Androcoll TM -P; SLC, Sweden), which was used as two layers of different densities for DGC and one layer for SLC. This is a readyto-use colloid; no preparation is required.
Sperm concentration
The concentration of spermatozoa in the extended semen was counted using a Bürker counting chamber and adjusted to approximately 100 million/ml. The sperm concentrations in the sperm suspensions obtained after centrifugation were also determined. The yield of motile spermatozoa in the suspensions was calculated as a proportion of the number of motile spermatozoa in the extended ejaculate i.e. Yield= (no. motile sperm in sperm pellet/no. motile spermatozoa loaded on colloid) × 100.
Density gradient centrifugation (DGC)
A density gradient was prepared by pipetting 2 ml of the higher density layer into a centrifuge tube and carefully layering 2 ml of the lower density layer on top. An aliquot (1.5 ml) of extended semen containing approximately 100 million spermatozoa per ml was pipetted on top of the upper layer. After centrifugation at 300 × g for 20 min, the extended seminal plasma and most of the colloid were discarded. Using a clean Pasteur pipette, the sperm pellet was transferred to a clean centrifuge tube containing 5 ml BTS with BSA and was washed by centrifuging for 10 minutes at 500 × g. Following washing, the sperm pellet was resuspended in BTS with BSA.
Single layer centrifugation (SLC)
The technique for SLC was similar to that for DGC except that 4 ml of the higher density material was pipetted into a 10-ml centrifuge tube instead of two layers of different densities (2 ml of each density).
Evaluation of sperm motility
Subjective evaluation: Aliquots (0.5 μl) of the extended ejaculate and the DGC and SLC sperm preparations were examined by phase contrast light microscopy (× 200), on a heated microscope stage (38 C) immediately after preparation and subsequently on a daily basis until sperm motility had dropped to approximately 20%. For the assessments on subsequent days, the sperm preparations were stored at room temperature (19-24 C) in an insulated box, to protect from draughts. Evaluation of sperm motility using computer-assisted sperm motility analysis (CASA): The motility of at least 200 spermatozoa was examined by computer-assisted sperm analysis (CASA) using a Mika Cell Motion Analyzer (MTM Medical Technologies Montreux, Switzerland) and a microscope equipped with a warm stage and phase contrast optics (20x objective, Optiphot-2, Nikon, Japan). Aliquots (5 μl) of sperm samples were placed in a warmed Makler chamber (Sefi Medical Instruments, Haifa, Israel), which had a depth of 10 μm. The instrument settings had been established previously [14] .
Experiment 1: Comparison of density gradient centrifugation and single layer centrifugation
Aliquots of the sperm-rich fraction of six ejaculates from each of four boars were processed by (i) DGC or (ii) SLC as described above. Sperm motility was assessed subjectively immediately after preparation and on a daily basis until it was judged to have dropped to approximately 20%. The first three ejaculates from each boar were assessed without incubation prior to motility assessment; the last three ejaculates from each boar were incubated at 38 C for 30 min before motility assessment.
Experiment 2: Use of single layer centrifugation on stored boar spermatozoa
SLC was performed using boar spermatozoa (sperm-rich fraction of 3 ejaculates from the same four boars as in experiment 1) stored at room temperature (approximately 20-22 C) for 24 h prior to centrifugation. Sperm motility (subjective assessment) and survival were compared with those of SLC samples made with fresh boar spermatozoa, i.e., where SLC took place up to one hour after collection.
Experiment 3: Single layer centrifugation using larger volumes of extended ejaculate
Ejaculates (3) were collected from each of 4 boars, one of which was not the same as for the other two experiments. Larger volumes of extended semen were used; for example, 3 or 4.5 ml were pipetted on top of 4 ml Androcoll TM -P, and 10, 12.5 or 15 ml extended semen were pipetted on top of 15 ml "Androcoll TM -P Large", an optimized formulation for larger tubes. After centrifugation, the sperm pellet was resuspended in 3 or 10 ml BTS with BSA (1.25 mg/ml), respectively; that is, there was no washing of the sperm pellet in this experiment. Sperm motility was evaluated with CASA.
Statistics
Mean sperm motility and numbers of spermatozoa in the uncentrifuged and centrifuged sperm samples were analysed by analysis of variance using the statistical functions in MS Excell (Version 2003, Microsoft Corporation, Redmond, WA, USA). P<0.05 denotes significant differences.
Results
Experiment 1
A numerical difference, which was not statistically significant, was seen in the number of spermatozoa obtained from the two methods of colloid centrifugation (Table 1 ; 84.6 ± 33.3 million for SLC vs. 77.8 ± 29.9 million for DGC; ns P>0.4). The mean yield of spermatozoa was 67.5 ± 25.6% for SLC and 59.6 ± 22.3% for DGC (ns). There were considerable differences between boars (P<0.01).
Aliquots (n=42) of DGC-and SLC-selected sperm preparations were available from another experiment, which used only the first fraction of the sperm-rich portion of the ejaculate [15] . The mean sperm numbers from the two treatments were 61.76 ± 27.5 × 10 6 (DGC) and 56.14 ± 26.6 × 10 6 (SLC), which were not significantly different.
For the samples incubated before motility assessment, sperm motility was better in the selected sperm preparations than in the control, uncentrifuged aliquots (e.g., 79.6 ± 8.1, 74.2 ± 12.0 and 62.9 ± 12.7% for SLC, DGC and uncentrifuged samples respectively, on Day 1), both immediately after preparation and on subsequent days (Fig. 1 ). The differences were significant (P<0.001 for all time points). There was no difference between the two colloid centrifugation methods (P>0.05). Furthermore, spermatozoa survived longer in the selected samples than in the uncentrifuged controls (5.5 ± 0.79, 5.75 ± 0.62, vs. 3.1 ± 0.3 days for SLC and DGC vs. the controls, respectively; P < 0.001). However, in the samples that were not incubated prior to motility assessment, sperm motility was only higher on the first day (P < 0.01), an effect that was boar-dependent. The effect of incubation prior to motility assessment is shown in Fig. 2 .
Experiment 2
The mean values for sperm motility are shown in Fig. 3 . Cen-trifugation of stored sperm samples improved sperm motility significantly compared with the uncentrifuged controls (68.8 ± 14.2 vs. 50.4 ± 16.11%, P<0.006), although sperm motility did not differ from that of the centrifuged "fresh" sperm samples (P>0.3). Sperm survival was longer in the stored centrifuged samples than in uncentrifuged controls but did not differ from that of the centrifuged "fresh" samples (see Experiment 2 above).
Experiment 3
There were no differences in yield or motility when 3 or 4.5 ml of extended ejaculate was used on 4 ml Androcoll TM -P, nor when 10, 12.5 and 15 ml extended ejaculate was used on 15 ml Androcoll TM -P-"Large". In a further experiment in which 4.5 ml of extended ejaculate were compared with 15 ml on the "small" and "large" colloids, respectively, there was no difference between the "small" and "large" preparations (sperm motilities of 81.7 ± 7.7 and 84.9 ± 6.1% and yields of 43.7 ± 10.1 and 42.4 ± 23% were obtained for "small" and "large" respectively). The motility of the unselected spermatozoa in these experiments was 77.4 ± 19%. Differences between ejaculates for each boar were not significant (ns); differences between boars were significant (P<0.01). Effect of incubation at 37 C on the motility (mean ± SD) of boar spermatozoa prepared by SLC (n=18 ejaculates). Day 1 is the day of preparation; day 2 is plus 24 h, etc. SLC not incubated=sample centrifuged on a single layer of Androcoll TM -P, and was not incubated before motility assessment; SLC incubated=sample centrifuged on a single layer of Androcoll TM -P, and was incubated at 38 C for 30 min before motility assessment. 
Discussion
In the comparison of SLC and DGC, there was no difference between the two colloid centrifugation methods for any of the parameters of semen quality investigated. Both methods produced sperm suspensions with significantly better sperm motility than the uncentrifuged controls and, furthermore, sperm motility was retained for longer in the centrifuged preparations. These results suggest that SLC could be used to advantage in preparing boar sperm samples, since it is quicker and easier to use than layering a gradient for DGC. However, incubating the sperm suspensions prior to motility assessment was found to be essential for obtaining accurate motility assessments, particularly since boar spermatozoa modify their kinematic patterns with storage, cooling and freezethawing [16] . It is unfortunate that sperm motility cannot be judged directly on boar sperm samples held at room temperature, since the additional 30 min required for incubation at 38 C prior to motility assessment may be a barrier for those wishing to use the technique. Further studies are being performed in this respect to determine thresholds for motility classes at various storage times and temperatures.
When "fresh" and "stored" semen were used for colloid centrifugation, both sperm motility and duration of sperm survival in the SLC-selected sperm samples were similar. Furthermore, both types of centrifuged samples had significantly better motility and sperm survival than the control samples. Even the first fraction of the sperm-rich part of the boar ejaculate, where the bulk of the spermatozoa are found, could be processed to advantage by SLC. Therefore, SLC represents a simplified method of selecting the most viable spermatozoa from a boar ejaculate, whether the whole sperm-rich fraction (SRF) or only the first part of the SRF are used, and the resulting sperm preparations do not differ in quality from those obtained by DGC.
There were large differences between individual boars in terms of numbers of spermatozoa in the sperm pellet and length of time for which the spermatozoa retained motility (P<0.01). This variation may reflect differences between boars in the susceptibility of sperm membranes to possible damage during colloid centrifugation but may also be confounded by a difference in storage temperature. The present study was performed in the summer, when the ambient temperature in the laboratory was not regulated and fluctuated between approximately 19 and 25 C due to changes in the weather. Ideally boar spermatozoa should be stored between 16 and 20 C [17] .
The increased period over which the centrifuged spermatozoa retained motility compared with the control, uncentrifuged spermatozoa is interesting and warrants further investigation. The BTS medium used here did not contain antibiotics, and the presence of bacteria was observed in the control, uncentrifuged samples, particularly after storage for several days. The bacteria may have contributed to death of spermatozoa through the production of endotoxins. Colloidal centrifugation has been reported to remove bacteria from human semen samples [18] and may have contributed to the increased survival of the boar spermatozoa seen in the current study. It might be possible to reduce the use of antibiotics in semen extenders if SLC is employed to process the spermatozoa, thus reducing the environmental impact of these antimicrobials. This effect is currently being investigated using larger numbers of boars.
In the experiments described here, a protein (bovine serum albumin) was added to the BTS used to re-suspend the boar spermatozoa after colloidal centrifugation in order to prevent the spermatozoa from adhering to the slide and cover slip. During passage through the colloid, particles and proteins normally adhering to the sperm membrane are stripped off, leaving an exposed membrane that is susceptible to adhering to any surface, such as the walls of the centrifuge tube and other sperm membranes. The presence of a protein re-coats the sperm membrane, thus reducing the tendency for spermatozoa to adhere to other surfaces. However, there was a tendency for spermatozoa to aggregate, i.e., clump together, making it difficult to assess sperm motility, especially by CASA. In the third experiment, a lower concentration of BSA was used in the BTS after SLC to try to reduce aggregation while still preventing the spermatozoa from adhering to the glass slide and cover slip. It is interesting to note that the yield of spermatozoa was lower in the third experiment than in the previous two experiments (performed 15 months earlier), which may have been due to deteriorating quality in the semen of boars as they age, and/or loss of spermatozoa through adherence to the centrifuge tube because of the lower concentration of BSA used.
Ideally, it would be better to use a coating substance that was not of animal origin to avoid the risk of spreading disease [19] . Moreover, commercially available purified proteins may differ among batches and commercial sources [19] , further compounding differences between spermatozoa from different boars. Further studies will investigate the possibility of using other extenders to resuspend boar spermatozoa after colloidal centrifugation, in order to overcome these problems.
In conclusion, these results suggest that SLC could be used to select the best spermatozoa for an ejaculate or portion of an ejaculate for use in reproductive biotechnologies if a practical method could be found for processing boar ejaculates, which are voluminous. Even when collecting only the sperm-rich faction (approximately 25-50 ml), the number of spermatozoa could be more than 1 × 10 9 per ml, which necessitates handling volumes and/or sperm concentrations far larger than for other species. The use of SLC, as opposed to DGC, facilitates scaling-up the method by reducing the number of layers involved. The results from experiment 3 indicate that the SLC method can be scaled up satisfactorily for larger volumes of ejaculate. More research is currently underway to allow even larger volumes to be processed in one tube.
